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Abstract
The existence of Dark Matter (DM) is a well established fact since many decades,
thanks to the observation of the effects of its gravitational interaction with the ordi-
nary matter in the Universe. However, our knowledge of the Dark Matter features
is still rather scarce. Indeed, one of the biggest quests in fundamental science today
is the investigation of Dark Matter nature, from its origin to its composition, and the
way its constituents interact with the ordinary matter, apart from gravity. Huge and
ambitious efforts have been spent in the last years into its identification, concentrat-
ing especially on the search of viable Weakly Interacting Massive Particle candidates.
However, no positive results have been achieved so far along this direction. On the
other hand, many fascinating new ideas and models for its interpretation have been
blooming: among them, an intriguing hypothesis is that the Dark Matter constituents
could be neutral under Standard Model interactions, but they could interact through a
new, still unknown, force under a “hidden” charge. This new hidden symmetry would
be mediated by a massive gauge boson, the dark photon, which is expected to couple
to the Standard Model via a kinetic mixing. The search for such a massive mediator
has been pursued with large enthusiasm and dedication in the latest years, as its obser-
vation could be within the reach of many already existing experimental facilities, both
based on accelerators or in smaller scale setups. This report reviews the present status
and progress of the experimental searches in this field.
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1. Introduction
The gravitational interactions of Dark Matter (DM) provide the solid ground upon
which the foundations of its existence are based. The first suggestion of its presence
was proposed by Zwicky in the early 1930s: in the calculation of the dispersion ve-
locity of the Coma cluster galaxies [1], a large disagreement (of a factor about 400)
between the cluster’s mass value deduced from the virial theorem and that expected
from the luminosities of its components was found. A way to explain such discrepancy
was to postulate the existence a new form of non-visible matter, the “dunkel materie”
or Dark Matter. The idea had then been shelved for several decades, until it was re-
covered to explain the trend of the rotational velocity of galaxies, observed by Rubin
and collaborators [2]: the fact that it resulted approximately flat instead of featuring
the expected 1/
√
r behavior again called for the presence of a form on non-visible
matter. More recently, other gravitational effects were observed like those based on
gravitational lensing [3], on Bullet cluster [4] and on the cosmic microwave back-
ground measurements [5]. They further fostered the hypothesis of a form of invisible
massive matter which interacts gravitationally with the ordinary matter of the Universe,
and possibly, but just feebly, in some other ways (perhaps electroweakly, certainly not
electromagnetically as it does not emit nor absorb electromagnetic radiation). Accord-
ing to the measurements performed by the WMAP [6] and Planck telescopes [7], it
is nowadays ascertained that the DM constitutes at least the 85% of the mass of our
Universe. While its existence is a consolidated fact, the issue of its composition and
nature is, however, still open and this investigation represents indeed one of the main
endeavours in physics today. Even though in the last decades large efforts were put
both on the theoretical and on the experimental sides, on one hand to provide models
which could describe its nature and the expected interaction patterns with the visible
matter, and on the other one to investigate processes which could hint at the interaction
mechanisms, at present a solid identification is still far from reach. For this reason,
many experimental approaches are presently being exploited, at high center-of-mass
energy accelerators as well as in low-energy underground experiments: the variety of
the possible phenomenology that could be involved is wide and the parameters for the
description of the related effects are basically unconstrained by theory in the absence,
so far, of clean and driving experimental findings. It looks however clear that every
observation of anomalies, especially on astrophysical scales, calls for some sort of new
physics effect beyond the Standard Model of particle physics (SM), and can poten-
tially have some sensitivity to DM existence. A variety of DM candidates of various
masses and subject to different kinds of interactions has been proposed over the years.
Theoretically well-motivated candidates are represented by Weakly Interacting Mas-
sive Particles (WIMPs), assumed as cold thermal relics in thermal equilibrium with
photons since the early Universe. On account of this feature, their mass is expected in
a wide, rather high range, from 10 GeV to 10 TeV, the lower bound being determined
by the Lee-Weinberg cosmological limit [8]. The WIMP paradigm has always been
considered as one of the most solid for the DM identification, especially on account
of the so-called “WIMP miracle”, the somewhat surprising match between the experi-
mentally observed DM abundance and the value expected for it under the assumption
of non-relativistic weakly interacting particles in thermal equilibrium with SM parti-
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cles until the freeze-out [9]. However, so far all WIMPs searches, both at colliders or
based on direct observations, have been unsuccessful. To-date, the strongest bound to
the WIMP-nucleon spin-independent elastic cross-section is posed by the XENON1T
Experiment [10], which excludes values down to σ ∼ 4 × 10−47 cm2. So, new differ-
ent candidates are clearly needed. From a thermodynamical point of view, the general
accepted scenario is that non-relativistic heavy DM is in thermal equilibrium with or-
dinary matter, a condition reached via subsequent annihilations proceeding through the
exchange of intermediate gauge bosons, mediators of a new interaction which does not
affect SM particles. However this scenario, compatible with the WIMPs paradigm, can
also hold if the DM particles are relativistic, with a much lighter mass but still consis-
tent with the cosmological constraints from the Universe formation history –the lower
limit being 3.3 keV [11]. The light mass range can accommodate new candidates as,
for instance, sterile neutrinos, expected around 10 keV [12, 13]. The hypothesis of
thermal light DM is an alternative appealing formulation also able to provide an ex-
planation to the anomalous values (lower than expected) of the baryon temperature in
the time lapse between 190 and 240 Myr since the Big Bang, as recently measured
[14, 15]. Due to the negative results achieved so far in the search for WIMPs, a new
wide campaign for the exploration of lighter forms of DM candidates, in the sub-GeV
range or even lower, started recently. Of course, experimental searches in the tens of
keV region still represent enormous challenges at present, but at least the MeV level
can be within reach for precise experiments in the near future. In the sub-GeV mass
range, one of the simplest hypotheses for Dark Matter particles identification is that it
can belong to a “hidden sector” secluded from the Standard Model, whose mutual inter-
actions could be mediated by a massive gauge boson [16, 17, 18]. The concept of “dark
photon”, also named as “hidden photon” or “heavy photon” and usually denoted as A′
(or sometimes U), was introduced for the first time by Holdom [19], who proposed the
possible existence of an additional spin-one gauge boson acting as the mediator of a
further, hidden, U(1)D symmetry. This symmetry group kinetically mixes with the SM
hypercharge U(1)Y . The coupling of this additional gauge boson to the electric charge
is expected to be suppressed, by a factor that is, however, a priori unknown and covers
about ten orders of magnitude, in the 10−12 − 10−2 range. The kinetic mixing between
the dark and the SM photon would provide a “portal” through which the hidden sector
could be accessed, potentially allowing the properties of the hidden particles belonging
to it to be investigated. Fig. 1 shows in diagrammatic form how the kinetic mixing
mechanism can occur assuming that a doublet of “hidden” Ψ (Ψ′) DM particles exists,
charged under both the SM hypercharge gauge group and the dark symmetry: the in-
teraction between the dark and the SM photon is realized at loop level, and the Ψ (Ψ′)
particles can have very large masses, even far above the SUSY-breaking scale.
The A′, however, is not the only possible candidate as hidden gauge mediator. Other
portals are viable, that can be mediated by dark particles of different spins and which
can possibly convey different sorts of interactions. While the dark photon has spin one
and mediates the “vector portal”, a scalar dark CP-even or -odd Higgs could mediate
the so-called “scalar portal”, a dark fermionic mediator field (like a right-handed neu-
trino) could mediate the “neutrino portal”, while a pseudoscalar axion could mediate
the “axion portal”. Of all these gauge groups have four dimensions and are renormaliz-
able, with the exception of the non-renormalizable five-dimensional axion one [20]. In
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Figure 1: Diagram showing the kinetic mixing of the SM photon with a dark photon A′ at the one-loop level.
Ψ is any massive particle charged under both hypercharge U(1)Y and the secluded U(1)D symmetries.
principle any number of new gauge groups can be added to the SM, as long as its sym-
metry is not broken; therefore, many possible extensions of the minimal hidden sector
model are possible and were indeed proposed, disclosing a variety of possible different
experimental signatures and suggesting a larger number of new DM candidates. These
scenarios are generally known as “rich dark sectors”. This review aims at describing
the present state-of-art in the search of a vector gauge boson as a conveyor of the inter-
actions between ordinary and Dark Matter in a minimal secluded scenario. The paper
is organized as follows. Sec. 2 illustrates some astrophysical anomalies which could
have a straightforward explanation if the DM is charged under a new hidden symmetry;
Sec. 2.2 shortly describes some of the most peculiar features of minimal hidden dark
sectors extensions, which can provide some alternative explanations of the observed
effects. A detailed description of the expected properties of dark photons will be ac-
counted for in Sec. 3. In particular, in Sec. 3.1 a short overview of the theoretical
formalism for the description of an A′ and, more in general, of “hidden” Dark Matter
particles, as well as the expected interaction cross-sections, will be given. The produc-
tion mechanism of A′s will be described in Sec. 3.2, and the expected decay patterns
in Sec. 3.3. Sec. 4 will finally summarize the experimental approaches on which the
current efforts in dark photon (and Dark Matter at large) searches are based. The tech-
niques for the detection of dark photons through their decays will be described with
special focus on experiments operating at low energy accelerators, in several different
experimental environments. Results from searches in high energy pp collisions as at
the LHC (and specifically, at the ATLAS and CMS experiments) will not be described
in this review because of the extension of the topic, and the fact that in most of the
cases a more complex A′ production through a scalar (via Higgs) or fermionic portal is
implied, which goes beyond the vector portal scenario scope.
2. Physics motivation
Several anomalous effects have been observed over the years in terrestrial, astro-
physical or cosmological experiments. Some of them can be accounted for by introduc-
ing the concept of secluded sectors, while a few are still waiting for a more convincing
interpretation, so for their thorough description more complex theoretical models are
needed. Most of the models able to provide an explanation for these effects assume a
relatively light form of Dark Matter (LDM), with candidates with masses of at most
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10 GeV and on the order of 100 MeV for the dark mediator A′. In the following LDM
particles, in the MeV–10 GeV mass range, will be generally denoted as χ (their CP
properties being wherever disregarded, for the sake of notation simplicity).
2.1. Astrophysical anomalies
The recently observed astrophysical anomalies with a natural explanation in the
hypothesis of secluded Dark Matter include the excess of the positron cosmic ray flux,
the extended gamma-rays spectrum emitted from the Galactic Center, and the observa-
tion of an anomalous monochromatic 3.56 keV X-ray line in the spectrum of several
galaxy clusters. In the years, however, some of the current interpretations have been
disproved or their range of validity has been reduced. Early observations of a positron
excess in cosmic ray fluxes, as compared to the electron fraction, were reported by
several payload balloons experiments like HEAT [21], PPB-BETS [22], ATIC [23],
CAPRICE [24] and PAMELA [25]. Observations at an energy of about 10 GeV were
more recently reported by the Fermi Gamma-Ray Telescope [26], while the Alpha
Magnetic Spectrometer AMS-02 [27] provided an additional confirmation extending
the observed positron spectrum energies up to 200 GeV. The observed positron excess
calls for the existence of other positron sources in addition to the elementary interaction
of cosmic ray nuclei with the interstellar medium, which for instance provides the cor-
rect energy degrading description of the measured antiproton flux. One possibility is
that the positron excess might derive from the direct annihilation of Dark Matter in lep-
ton pairs, which however must occur at a much larger rate than the typical Dark Matter
thermal cross-section, 〈σv〉 ' 3 × 10−26 cm3s−1 [28]. Nonetheless, if the DM annihila-
tion occurs through the production of a dark photon, the cross-section can be subject to
the so-called “Sommerfeld enhancement” [16], that can justify the rise of the observed
positron yield at high energies as deriving from the dark photon direct decay in lepton
pairs. The Sommerfeld enhancement increases the production rate mainly at lower ve-
locities, keeping the integrated thermal relic abundance within the correct limits. The
most recent AMS-02 observations show, however, that the experimental positron spec-
trum is softer than predicted by light DM theories, and therefore this interpretation is
acceptable only in the case of a heavy A′, with a mass in the 1–3 TeV interval, and with
a DM annihilation cross-section spanning the 〈σv〉 ' (6 − 23) × 10−24 cm3s−1 range
[29]. On account of this expectation, it looks like the unknown positron source is more
likely to have a pulsar origin [30]. Lighter Dark Matter candidates are required, on the
other hand, to explain the gamma-ray emission spectrum from the Galactic Center as
observed by the Fermi Large Area Telescope [31, 32, 33]. Dark matter annihilation
to lepton or hadron pairs is again one of the most reliable interpretations for the ob-
served effect, as well as its annihilation to a dark photon and its subsequent decay to
SM particles [34, 35]. Dark photons can also provide a direct explanation of the 3.56
keV X-ray line observed in the emission spectrum of a number of galaxy clusters [36].
The monochromatic X-ray line should come from the radiative decay of an excited
Dark Matter particle χ∗ (χ∗ → χγ), produced in pairs through the DM self-rescattering
mediated by dark photons (“eXciting Dark Matter” model, XDM [37]). Further dis-
cussions on DM self-interaction mechanisms will be reported in Sec. 2.2. A different
important effect, whose interpretation could benefit from the existence of a dark pho-
ton, is the issue concerning the measurement of the muon anomalous magnetic moment
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aµ = (gµ − 2)/2. As it is nowadays well known, its measured value is in a 3.6σ tension
with the value predicted by SM [38]. The exchange of a dark photon via a triangular
diagram could be responsible for such a disagreement. The most recent experiments,
though, have almost completely ruled out the parameters ranges favored by this inter-
pretation, provided the dark photon decays exclusively to SM particles. On the other
hand, there is still some chance for this interpretation, with a coupling on the order of
∼ 10−4, in case the dark photons decay invisibly to LDM particles as well as in some
extended versions of DM models.
2.2. Extended hidden sectors
More complex extensions have been proposed, most of which aim to overtake
the picture of collisionless cold DM [5] suggesting alternative mechanisms and non-
thermal regimes, to provide different interpretations for other anomalous signals which
cannot find a direct explanation in the minimal secluded scenario picture. As a con-
sequence new effects are also expected, whose future possible observation would con-
tribute to steer the search along some new and more effective directions; indeed, one
of the challenges of future experiments will be to find some solid hints of “exotic
signatures”. Most of these extended models can be tailored to provide, for instance,
reasonable alternative explanations to the mentioned muon magnetic moment issue
(which can revive under new hypotheses), to the proton charge radius puzzle [39] and
to the recent observation of unexpected effects in nuclear transitions, performed by the
ATOMKI Collaboration [40, 41]. This is a particularly interesting case, in which the
existence of a new Jpi = 1+ vector boson, supposedly mediating a new, fifth fundamen-
tal force with some coupling to SM particles [42, 43], can explain the two significant
enhancements observed in the angular correlation of e+e− pairs emitted in the transi-
tions to the ground state of the 8Be 18.15 MeV level (Jpi = 1+) and of the 4He 21.01
MeV one (Jpi = 0−, M0 forbidden transition). Constraints on such a new particle, how-
ever, require an extension of the minimal vector portal scenario such to include a proto-
phobic coupling to Up and Down quarks. One of the most critical issues calling for fur-
ther developments and extensions is the tension between the observed DM halo profiles
[44, 45] and those obtained from simulations in the hypothesis of cold DM [46, 47].
A way to reconcile such a conflict is to assume that Dark Matter can self-interact via
the exchange of a light mediator. The models allowing for DM self-interaction do not
alter the interpretation of the mentioned astrophysical anomalies, but they permit much
tinier values for the coupling among the mediator and the SM fields. A consequence of
self-interacting DM is the possible formation of bound states formed by DM particles,
which can annihilate and therefore provide an alternative source for DM production,
overstepping the mentioned Sommerfeld enhancement mechanism [48, 49]. If existing,
their observation could be within reach at high luminosity colliders in the next future.
The possibility of self-interactions would also admit many-body scattering processes
and interactions mediated by the strong force (among the so-called SIMPs, Strongly In-
teracting Massive Particles [50]). This could move the focus to non-thermal scenarios
in which the relationship between masses and couplings could be substantially differ-
ent from the currently accepted thermal paradigm. The inelastic Dark Matter (iDM)
scenarios are, in turn, based on the hypothesis that the elastic interaction of DM with
SM is suppressed. The simplest models assume that the lightest stable DM species,
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χ1, can only interact inelastically with SM through the exchange of a vector mediator
leading to a slightly heavier χ2 DM state [51, 52]. In this way the relic DM abundance
is dominated by a χ1χ2 → SM inelastic process, known as coannihilation [53]. The
mass difference ∆ between the two DM states is on the order of ∼ 100 keV, the typical
halo WIMP kinetic energy. More details on iDM interaction mechanisms will be given
in Sec. 3.3 and 4.2.3, for their relevance for potential DM discovery.
3. Dark Photon expected properties, production and decays
3.1. Dark Photon parameters: coupling and mass
To introduce the fundamental parameters for the description of a dark photon, the
coupling and its mass, let us consider now in more detail a minimal secluded model, in
which the the dark sector is represented by just a single extra U(1)D gauge group. In the
hypothesis of a vector mediator, the gauge Lagrangian may be written in the following
form:
Lgauge = −14 BµνB
µν − 1
4
F′µνF
′µν +
1
2

cos θW
F′µνB
µν (1)
where Bµ and A′µ are the mediator field of the SM U(1)Y symmetry and the dark U(1)D
gauge group, Bµν = ∂µBν − ∂νBµ is the field strength tensor of U(1)Y , respectively,
F′µν = ∂µA′ν − ∂νA′µ is the corresponding one of U(1)D, θW the weak mixing angle
and  the kinetic mixing parameter. The dominant mixing between sectors can be
assumed to involve SM photons only, as the possible mixing with the heavy Z boson,
at next-to-leading order, is negligible being further suppressed by a 1/m2Z factor. The
dimensionless parameter  determines the magnitude of the coupling between A′ and
the SM sector; as mentioned in the introduction, the mixing through loop diagrams
(Fig. 1) makes this constant small. The mixing term in Eq. (1) can be removed by the
redefinition of the SM hypercharge field Bµ → Bµ + A′µ, so that the coupling of the
dark photon to the ordinary electromagnetic current emerges as:
Ldark,γ = −eA′µJµem. (2)
Integrating out the fields in the loop diagram of Fig. 1 one gets for  the following
expression:
 ∼ gYgD
16pi2
log
(
mΨ
m′
Ψ
)
∼ 10−3 − 10−1. (3)
where gY is the SM electroweak coupling constant (being α = g2Y/(4pi) ' 1/137 the
QED fine-structure constant) and gD the dark coupling constant between the A′ and
the DM particles in the hidden sector. In some cases the one-loop contributions vanish
(like in large extended GUT-inspired groups), so two-loops diagrams play the dominant
contribution: the coupling in this case is reduced to the 10−5 − 10−3 range [19, 54, 55,
56, 57]. According to some string based models, values as small as ∼ 10−12 can also
be expected [58, 59, 60]. So, in general, the value of the kinetic mixing can vary is
a wide range, and there is no a priori constraint from the theory which limit it. The
same is valid for the second parameter of the theory, the dark photon mass mA′ . As
anticipated in the introduction, the focus of the most recent efforts has been set mainly
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Figure 2: Diagrams for the production of a dark photon A′ via annihilation: χχ → A′A′ (a) or s-channel
resonant production into SM particles χχ→ A′∗ → SM SM (b).
on the investigation of the range between 1 MeV and 10 GeV, the lower bound being
fixed by the existing observations at accelerators and by astrophysical or cosmological
constraints, while the upper one is determined by the maximum reach of experiments
at high-intensity colliders. Higher mass values, and also extra gauge bosons suggested
by extended models, can be probed by the present high-energy facilities, such as the
LHC.
3.2. Dark Photons production
3.2.1. Dark Photons from Dark Matter annihilation
Dark photons can be produced by DM particles via annihilation processes accord-
ing to two modes, depending on the relative mass between A′ and χ: if mA′ < 2mχ, the
annihilation occurs via a “secluded” process like χχ→ A′A′ (see Fig. 2a); conversely,
when mA′ > 2mχ, via the χχ→ A′∗ → SM SM “direct annihilation”, where the virtual
A′∗ is exchanged in the s-channel and SM particles in the final state are produced (see
Fig. 2b).
In the case of secluded DM annihilations, the production rate scales as [61]
〈σv〉 ∼ g
4
D
m2χ
(4)
so it only depends on the dark gD coupling and on the mχ mass of the DM particles, but
not on the γ-A′ mixing e parameter – which means that the process would be hard to
be detected by a particle physics experiment. In the case of direct DM annihilation the
rate scales according to
〈σv〉 ∼ g
2
Dα
2m2χ
m4A′
(5)
i.e. it is inversely dependent of the 4-th power of the dark photon mass. Since in this
case the mχ/mA′ mass ratio and the gD dark coupling constant can at most be O(1),
limits can be set to  to preserve the consistency with the minimum expected thermal
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annihilation rate:
αg2D
2
4pi
(
mχ
mA′
)4
& 〈σv〉relicm2χ. (6)
3.2.2. Dark Photons from Standard Model particles interactions: electron Bremsstrahlung
High luminosity fixed targets experiments may exploit the mechanism of radiative
emission of dark photons by electron beams incident on a high Z atomic number target.
The process, also known as A′-strahlung for short, is depicted in Fig. 3 and is analogous
to a SM photon bremsstrahlung, even though the different coupling and mass of the A′
lead to different kinematics and rates.
e−
Z Z
e−(`−, χ)
e+(`+, χ)
e−
γ
A′
e−
e−
Z Z
e−
e−(`−, χ)
e+(`+, χ)e−
A′
γ
a) b)
Figure 3: Diagrams showing the radiation of an A′ from an electron in a dark photon-bremsstrahlung process.
The dark photon can be radiated from an electron in the initial state (a) or as final state radiation (b); in both
cases it is on shell and can travel some distance before decaying in e+e−, two leptons (`+`−) or two generic
χ DM particles.
The energy-angle distribution of the dark photon radiated by an electron can be
described using the Weiszsacker-Williams approximation [62, 62, 63, 64, 65]. Accord-
ing to this model, the scattering is treated as a Compton-like process and the resulting
differential cross-section for the eZ → e′A′Z′ reaction is given by [54]:
dσ(eZ → e′A′Z)
dx d cos θA′
=
8α32E20 x
√
1 − m2A′/E20
U2
Φ
(1 − x + x22
)
− (1 − x)
2m2A′
U2
(
m2A′ −
Ux
1 − x
)
(7)
E0 being the energy of the incident electron, θA′ the opening angle of the radiated A′,
x = EA′/E0 the fraction of the electron energy carried away by the dark photon. U is a
function related to the virtuality of the intermediate electron:
U(x, θA′ ) = E20 x θ
2
A′ + m
2
A′
1 − x
x
+ m2e x (8)
with me the electron mass. In Eq. (7) Φ represents the effective dark photon flux,
that is defined through the elastic G2,el and the inelastic G2,in form factors of the target
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nucleus, which parameterize the effects of the electron screening and the of size of the
nucleus, via the formula:
Φ =
∫ tmax
tmin
(
G2,el(t) + G2,in(t)
) t − tmin
t2
dt (9)
where the integral limits are given, respectively, by tmin = (m2A′/2E0)
2 and tmax = m2A′ .
Assuming that me  mA′ one can integrate Eq. (7) over the angles and obtain the
following cross-section:
dσ
dx
=
8α32
√
1 − m2A′/E20
m2A′ (1 − x)/x + m2e x
(
1 − x + x
2
3
)
Φ (10)
which reduces to the ordinary photon bremsstrahlung cross-section when mA′ → 0.
From Eq. (10) one can deduce that the production rate of dark photons is proportional
to α22/m2A′ , thus suppressed by a factor 
2m2e/m
2
A′ relative to photon bremsstrahlung.
The Φ effective dark photon flux brings an overall suppression effect for large A′ masses
and small beam energies; the U(x, 0) function gets its minimum for x ∼ 1, so that the
most favorable condition is when the forward emitted A′ carries away most of the beam
energy. The emission angle θA′ has a limit value that is much smaller than the opening
angle of the decay products of the dark photon, proportional to mA′/E0. Competing
reactions to the A′-strahlung are the QED Bethe-Heitler and radiative trident processes,
depicted in the diagrams of Fig. 4 and Fig. 5, respectively. The former is the dominant
process, but its kinematics is different from the A′ case so the separation of the two
reactions is, in principle, possible. In fact, while the A′ decays products are highly
forward boosted and the recoiling electron is soft and scatters at large angles, just one
of the leptons from the Bethe-Heitler process is boosted, being the other much softer.
Moreover, at higher pair energies the A′-strahlung cross-section is enhanced, while the
Bethe-Heitler one is not.
e− e−
e+
e−
ZZ
γ
e−
γ
e− e−
e−
e+
ZZ
γ
e−
γ
a) b)
Figure 4: Diagrams (a, b) for the Bethe-Heitler (space-like) trident reactions.
3.2.3. Dark Photons from Standard Model particles interactions: e+e− annihilation on
bound electrons in atoms
The diagrams of Fig. 6 describe the A′ production through e−e+ → A′ resonant (a)
and e−e+ → A′γ non-resonant (b) positron-electron annihilation. At a center-of-mass
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e−
Z Z
e−
e+
e−
γ
γ
e−
e−
Z Z
e−
e−
e+e−
γ
γ
a) b)
Figure 5: Diagrams (a, b) for the QED radiative (time-like) trident reactions.
e−
e+
A′
e+ A′
e− γ
a) b)
Figure 6: Diagrams for the production of a Dark Photon A′ via resonant (a) and non-resonant (b) e+e−
annihilation.
energy
√
s of a few tens of MeV the two-photon production is the dominant process in
e+e− annihilation on a bound electron; it is however possible for an A′ to replace one
of the two SM photons.
The cross-sections for the annihilation processes scale as 2α (resonant) or 2α2
(non-resonant), to be compared to the 2α3 dependence of the A′-strahlung process
(see Eq. (7)). Specifically, the total cross-section for the resonant diagram (Fig. 6a) is
[66]:
σres = σpeak
Γ2A′/4
(
√
s − mA′ )2 + Γ2A′/4
(11)
where σpeak = 12pi/m2A′ is the resonant cross-section at mA′ , and ΓA′ =
1
2 mA′
2α is the
A′ decay width in the me/mA′ → 0 limit; this expression is valid in the narrow width
approximation, given that ΓA′/mA′  1 since   1.
The differential and total cross-sections for the non-resonant process shown in Fig.
6b) are given by, respectively [67]:
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dσnores
dz
=
4pi2α2
s
 s − m2A′2s 1 + z21 − β2z2 + 2m2A′s − m2A′ 11 − β2z2
 (12)
σnores =
8pi2α2
s
 s − m2A′2s m2A′s − m2A′
 log sm2e − s − m
2
A′
2s
 (13)
being z the A′ emission angle cosine in the e+e− rest frame, measured with respect to
the positron direction, and β =
√
1 − 4m2e/s.
On the other hand, in the limit of a high E+ energy positron beam, the differential
cross-section in the reference system of the laboratory as a function of the A′ photon
energy, y = Elabγ /(E+ + me), is [68]:
dσ
dy
∼ 2 pi r
2
e
yγ+
[
(1 + µ)2
1 − (y + µ) − 2y
]
(14)
where µ = m2A′/s and γ
+ = E+/µ  1, while re is the classical electron radius; the
photon energy is limited by y < (1 − µ).
In the case of resonant positron annihilation the kinematics of the produced A′ is
strongly constrained by the one-body nature of the final state: a dark photon with mass
mA′ is produced with energy Eres = m2A′/(2me), in the same direction of the incoming
positron. For the non-resonant case, the A′ angular distribution in the center-of-mass
frame, given by Eq. (13), is boosted along the center-of-mass direction, due to the
1 − β2z2 factor. This results in a strongly forward peaked angular distribution, the
more the larger the A′ mass values. The limit value for the A′ emission angle in the
lab is θmaxA′ ' s − m2A′/(2mA′E0). The corresponding energy distribution ranges from
Eres (value at mA′ peak) to the primary positron energy E0, with an average value
E0/2 · (1 + m2A′/(2meE0)).
3.2.4. Dark Photons from Standard Model particles interactions: Compton-like scat-
tering
An alternative method for Dark Photons production, studied in a quantitive way
just recently [69], is based on Compton-like emission in reactions induced by photons
on bound electrons in the atoms of the target: γe− → A′e− (see Fig. 7). This reaction
can be effective also for the production of axion-like pseudoscalar particles (a in Fig.
7) or dark scalar mediators (φ).
The cross-section for a Compton-like process is approximately given by
σComp ∼ 4piα
22
s
log
1 − x2Mxm
 (15)
where xm (xM) is the fraction of the
√
s center-of-mass energy corresponding to the
mass of the electron me = xm
√
s (dark photon, mA′ = xM
√
s). Numerically, for a 10
GeV photon beam impinging on a liquid hydrogen target and producing a 10 MeV A′
one gets for the total cross-section, approximately
σComp ∼ 1.4 pb
(

10−4
)2 (0.1 GeV√
s
)2
. (16)
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Figure 7: Diagram for the production of a Dark Photon A′ (or axion a or dark scalar mediator φ) via a
Compton-like process induced by a real photon.
If the incident photon beam energy is much larger than the energy threshold for the
production of an A′, the cross-section is practically independent on the mass of A′.
The differential cross-sections is forward peaked, as in the A′-strahlung case. As in
all processes involving bound electrons in the target atoms, the atomic binding energy
as well as screening effects and radiative corrections must be properly taken into ac-
count; in general, for a Compton-like process the cross-section scales with the target
atomic number Z, while for brehmsstrahlung in nuclei it scales with Z2: this means
that the Compton-like process can be in principle favored versus resonant A′-strahlung
by positrons, or A′-strahlung in nuclei when a proton beam is used.
3.3. Dark Photon decay modes and branching fractions
According to the relative values of the masses of the hidden gauge mediator and
of the particles belonging to the hidden sectors, the dark photon can undergo visible
or invisible decays. If the mass of the A′ is lighter than twice the mass of any Dark
Matter particle, the decays in DM is kinematically forbidden and the dark photon can
only decay to SM particles: these are called “visible decays”. A sketch of the trend as
a function of the A′ mass of the branching fractions for the A′ visible decay in several
channels is reported in Fig. 8 (from Ref. [70]).
The proper lifetime for a visible A′ decay in SM particles is given by
cτ =
1
Γ
=
3
Ne f f mA′α2
∼ 80 µm
Ne f f
(
10−4

)2 (100 MeV
mA′
)
(17)
where Ne f f is the number of available decay channels (Ne f f = 1 for mA′ < 2mµ, while
Ne f f = 2 + R(mA′ ) for mA′ ≥ 2mµ, R being the ratio between the e+e− cross-sections for
hadrons and dimuon productions). cτ represents the impact parameter for the detection
of displaced vertices due to a dark photon decay, a typical value being around 80 µm
for dark photons of mass on the order of 100 MeV. From Eq. (17) the inverse depen-
dence of the decay length to 2 appears, whose direct consequence is the possibility of
investigating small couplings just by experiments able to detect considerably detached
decay vertices, as will be described in detail in Sec. 4. On the other hand, if the A′
13
Figure 8: Branching fractions for dark photons as a function of their mass (from Ref. [70]).
decays to other light dark particles of the hidden sector is kinematically allowed, “in-
visible decays” are possible and, though being reduced in strength by a factor α2D, they
would uniformly suppress the branching fractions for decays in visible channels. The
decays in DM particles escape of course the detection by particle detectors, but can be
inferred by missing-mass or missing momentum techniques, as will be discussed in a
following Section. A′ can also, in principle, decay into mixed final states containing
both SM and dark particles. In this case the decay identification would benefit from
missing-energy techniques, that are mostly insensitive to the set of particles produced
in the final state. In iDM scenarios (see Sec. 2.2) the Dark Photon couples to a pseudo-
DM Dirac fermion χ: due to a spontaneous symmetry breaking in the dark sector, the
A′ acquires a mass, and the χ splits into two Majorana mass eigenstates χ1 and χ2
with slightly different masses, see Fig. 9a) [52]. The heavier DM particle χ2 is unsta-
ble and decays in-flight immediately, for instance through the χ2 → χ1A′∗ → χ1e+e−
channel. The interaction between the DM and SM particles occurs via A′ exchange
through the inelastic (up)scattering χ1T → χ2T ′ depicted in Fig. 9b), where T (T ′) can
be SM electrons, nucleons or even nuclei. As will be described in Sec. 4.2.3, beam-
dump experiments are potentially able to detect the (up)scattering of the long-lived χ1
component with particularly striking signatures.
4. Dark Photons and Light Dark Matter searches at accelerators
In this Section we summarize the main features and strategies of past, present,
and future experiments searching for the dark photon and Dark Matter candidates with
mass lighter than 10 GeV at accelerator facilities. The focus will be set to experiments
currently running (denoted in the following with the superscript ◦) or in the preparation
or proposal stage (denoted as ∗) at low energy accelerators; already concluded experi-
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Figure 9: (a) Inelastic DM scenario: the A′ decays to a pair of different mass eigenstates χ1,2. The unstable
χ2 decays in flight, so the DM flux in a detector tens of meters away from the production point, as in a beam-
dump experiment, is dominated by χ1 states only. (b) The χ1 can then upscatter off electrons, nucleons and/or
nuclei to produce a new χ2 state which promptly de-excites delivering a three-body final state χ2 → χ1e+e−
through the dilepton decay of a virtual A′.
a) b)
Figure 10: Existing bounds (shaded regions) and projected sensitivities of ongoing/proposed experiments
(lines) for dark photon in visible decays in the mixing strength vs A′ mass parameter plane (from Refs.[71,
72, 73]): a) 2 vs mA′ in a zoomed parameter region; b) 2 vs mA′ in a wider region covered also by some
high energy collider experiments. Constrains are derived at 90% C.L. The bound marked as “SN” in the
bottom-left part of the right panel comes from the astrophysical observations of the SN1987A supernova
cooling [74]. The constraints from the measurement of the anomalous magnetic moment of the electron ae
[75] and the preferred region to explain the discrepancy of the muon anomalous magnetic moment aµ are
also visible on the left panel.
ments will be denoted by the † superscript 1. As already mentioned, a full description
1list updated as of end of 2019 (circa)
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of the searches at high-energy colliders will not be reported here: a thorough review
of the experimental strategies may be found, for instance, in Ref. [76], while the latest
results from CMS and ATLAS are reported in Refs. [77, 78] and [79], respectively.
Some ATLAS and CMS search outlooks at HL-LHC can be found in Refs. [80, 81],
and a review of some future experimental scenarios at the CERN accelerator complex
is reported in Ref. [82]. For the extension of the topic, results from Direct Detec-
tion searches will not be discussed as well in this review (see for example Ref. [71]
for a summary of new trends and findings in this investigation). With respect to Di-
rect Detection searches, experiments at accelerators offer significant advantages. They
are independent of astrophysical uncertainties and all rely on the relativistic produc-
tion and detection of hidden sector particles, thereby minimizing Lorentz dependent
effects of various SM/DM mutual interactions. The direct detection sensitivity is, in
fact, strongly subject to the mediator spin and/or the velocity dependence of interac-
tion rates, whereas this does not hold in accelerator-based experiments (where v ∼ c).
In addition, the relativistic production of DM at accelerators allows to probe iDM sce-
narios (see Sec. 2.2) not accessible to Direct Detection experiments, in which the
up(scattering) of non-relativistic halo DM particles into heavier states is kinematically
forbidden if the mass splitting is ∼ 100 keV or larger [52]. Finally, in experiments at
accelerators the time of production and, in some cases, the direction of the DM “beam”
driven by the incoming SM particles flux is known, contrary to direct searches.
The design of all the accelerator-based experiments for the search of a vector boson
is steered by two main goals: to measure the features of A′ production and to effi-
ciently reject the SM background. This general target is pursued employing many
different techniques which exploit various A′ production modes and decay channels.
The many possible experimental approaches are highly complementary, each with its
own strengths and weaknesses. They differ under several respects, from the used beam
(electrons, positrons, hadrons) to its energy (from hundreds MeV to hundreds GeV),
to the employed target (which can be thin, thick as in beam-dump setups or also miss-
ing, as in reactions at colliders), to the search strategy (counting experiments, bump-
hunting, displaced vertex reconstruction, missing mass/energy/momentum techniques).
Many experiments have been explicitly designed to probe dark sectors, many others are
used for hidden particle searches just as a by-product, often in fresh reanalyses of old
data; nonetheless they are useful to derive additional constraints on the hidden sector
parameter space.
For the sake of simplicity, the experimental techniques described in the following
paragraphs will be ascribed to the two wide categories of Visible and Invisible decay
searches introduced in Sec. 3.3; experiments will be grouped according to their main
research strategy: Bump hunting, Beam dump and Decay-vertex reconstruction for vis-
ible decays, Missing mass, Missing energy/momentum, and Beam dump for invisible
decays searches.
All the constraints on the parameter space reported in this paper will be shown as
exclusion limits, derived at 90% Confidence Level. More exclusion limits obtained
assuming different parameters and/or DM models are discussed, for instance, in Refs.
[20, 71, 82]. Note that some of the existing constraints have been extracted from re-
sults of old experiments related to other searches, often with different event topologies
(which could have a drawback in the detection efficiency and acceptance). Therefore,
16
some caution is needed when considering such limits and the resulting extension of the
excluded regions, since the recast of old results could suffer from a lack of experimen-
tal and analysis information and be affected by a sizeable systematic uncertainty.
4.1. Visible decay searches
As already mentioned in Sec. 3.3 if mA′ < 2mχ the A′ can decay only into SM
particles. In this case the hidden mediator is usually searched through its leptonic
decay A′ → e+e−, µ+µ−, whose branching fractions are the largest ones irrespective
of the A′ mass and its production mechanism (as shown in Fig. 8). The exploited
production mechanisms in such searches are the annihilation process (e+e− → γA′),
the bremsstrahlung of an A′ by an electron (e−Z → e−ZA′), Compton-like scattering
induced by real photons (γe− → A′e−), peculiar meson decays like Dalitz’ (pi0/η/η′ →
γA′) or rarest decays (such as K → piA′, φ → ηA′, and D∗ → D0A′), and Drell-Yan
reactions qq¯ → A′ → `+`− or h+h− (with h a generic hadron), being these particularly
effective in hadron colliders and proton fixed-target experiments. Several constraints
on the dark photon parameter space have been already set for the minimal scenario,
and many others are foreseen in the near future (see Fig. 10 (a,b) for an updated
summary). Visible decays are mostly constrained from searches for di-electron or di-
muon resonances [83, 84, 85] and from the re-interpretation of data from fixed target or
neutrino experiments in the low (sub-GeV) mass region [86, 87, 88]. In general, three
regions can be identified in Fig. 10, each covered resorting to a different detection
strategy. The upper part, corresponding to 2 & 10−6 in the 10 MeV–10 GeV mass
region for A′, is related to bump-hunt searches performed at beauty and kaon factories,
electroproduction experiments and hadron induced reactions, and to the aµ exclusion
region: NA48/2† (CERN) [84], A1† (MAMI-Mainz) [85] and BABAR† (SLAC) [83]
set the strongest bounds for  (> 10−3) in this mass range. The nearly triangular bottom-
left shaded region (10−11 . 2 . 10−6, 1 MeV . mA′ . 200 MeV) is covered by
old beam-dump experiments such as E141† (SLAC) [86], E137† (SLAC) [67, 87, 89],
E774† (Fermilab) [88], CHARM† (CERN) [90, 91] and ν-Cal† (U70) [92], and by
astrophysical observations [74]. The middle region (zoomed in panel a) of Fig. 10),
expected to be covered by the projected sensitivities of HPS◦ (JLab) [93] and LHCb◦
(CERN) [73, 94, 95, 96], can be mostly accessed by experiments able to reconstruct
the A′ decay vertex.
4.1.1. Bump hunting
In these experiments the four-momentum of all the leptons from A′ decay is mea-
sured and the `+`− invariant mass can be reconstructed. In the invariant mass spectrum,
the hidden gauge boson will show up as a narrow peak over a smooth background,
whose width is mainly determined by the experimental mass resolution, over a smooth
background. The mass resolution affects the sensitivity of such experiments, and firm
control of systematic uncertainties is necessary since the signal/background ratio can
be as small as ∼ 10−6. With reference to Fig. 10a), the exclusion region accessible
to bump-hunting experiments is limited by the kinematic reach on the horizontal axis,
and the background and the integrated luminosity on the vertical one, with the sensitiv-
ity (downwards) increasing with the luminosity. Fixed target experiments can achieve
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much higher intensities than colliders (with the exception of flavor-factories) but the
generally larger center-of-mass energy of the latter allow the limits for A′ masses to
be extended to higher values. In some lucky cases, some of the background reactions
can be suppressed at the trigger level and by proper offline cuts, exploiting the partic-
ular topology of the background processes, as for instance in the Bethe-Heitler case.
Unfortunately, this is usually not possible: for example, the kinematics of an e+e− pair
by an electron irradiated A′ in a thin fixed target and of an e+e− pair produced by vir-
tual photon bremsstrahlung are identical, at the same A′ mass. The irreducible SM
background represents the critical limit for a pure bump-hunt approach, therefore dif-
ferent techniques which use, for instance, passive shielding (beam-dump experiments)
or further selections (displaced vertex reconstruction) need to be exploited to extend
the coupling constant exploration to smaller values than those typically accessible.
These different approaches will be described in the following paragraphs. Different
sorts of beams can be exploited to bump hunt purposes, as already mentioned at the
beginning of this Section. Fixed target experiments using electron beams and based
on A′-strahlung production are APEX◦ (JLab) [97, 98], A1, HPS, DarkLight∗ (JLab)
[99], MAGIX∗ (MESA-Mainz) [100], NA64◦ (CERN) [101]. Fixed target experiments
exploiting positron beams and based on the e+e− annihilation in atoms are VEPP3∗
(BINP-Novosibirsk) [68], PADME◦ (LNF-Frascati) [102, 103], MMAPS∗ (Cornell)
[104]. Potentially interesting results are awaited from Compton-like reactions induced
by real photons in experiments like LEPS∗ (currently upgraded at SPring8) [105] and
FOREST∗ (ELPH) [106], able to measure also the recoiling electron, together with
GlueX◦ [107] and LEPS2◦ (SPring8) [108], which however can just measure either the
di-lepton or the recoiling electron. e+e− collider experiments at relatively low center-
of-mass energies are BABAR, BELLE-II◦ (KEK) [109], and KLOE† (LNF-Frascati),
for which the production modes include the φ → ηA′ decay [110, 111, 112, 113].
Mu3e∗ (PSI) [114, 115] will be based on stopped muons measurements. Finally, ex-
periments using hadron beams are NA48/2, HADES (GSI)◦ [116], LHCb.
4.1.2. Beam-dump experiments for visible decays
The data collected by beam-dump experiments performed in the Eighties and Nineties
for neutrino studies and to search for long-living new particles have been recently re-
analyzed to set new constraints on the dark photon parameter space. The beam-dump
technique employs a high-intensity beam, providing the large luminosity needed to
probe the A′ weak coupling, which gets completely absorbed by a thick target. A
detector is placed tens or hundreds of meters downstream the dump after a passive
shielding region of concrete and/or bedstone. If the dark photon is produced in the
dump and lives long enough to cross both the dump and the shielding before decay-
ing, its e+e− or µ+µ− decay products can be detected. Thus, beam-dump setups can be
thought of as counting experiments where any evidence of an excess of di-lepton pairs
not compatible with the expected background hints at the existence of new particles.
In case of electron beams the A′ can be produced via bremsstrahlung of primary and
secondary electrons and by secondary positrons. The positrons of the electromagnetic
showers generated in the dump can also produce A′ via non-resonant (e+e− → γA′)
and resonant (e+e− → A′) annihilation occurring on atomic electrons. Recently, it has
been shown [67, 117] that showering effects in the dump affect both the A′ kinematics
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and the production yield, and therefore they must be properly taken into account when
extracting exclusion limits. In particular, the contribution of positron annihilation pro-
vides a larger sensitivity in some kinematic regions with respect to the limits derived
by the A′-strahlung process. In proton dump experiments the A′ can be produced either
directly, via proton or lepton A′-strahlung, or indirectly through meson decays. Lep-
tons and mesons are secondary particles produced by proton scattering in the dump or
in the electromagnetic and hadronic showers in the dump material.
The physics reach of these experiments depends on the downstream detector accep-
tance and on the total number of dumped particles. The higher the integrated luminos-
ity, the larger the exclusion region reported in Fig. 10, which extends towards smaller
values of the coupling parameter. The use of high energy beams helps in terms of larger
A′ production cross-sections and wider kinematics: the higher the energy of the primary
electron or proton beam, the more forward boosted the A′’s produced in the dump and
their decay products. A typical feature of such experiments is that the physical reach
strongly depends also on the thickness of the shielding volume (dump included) and
on the distance between the end of the shielding and the downstream detector, as the
experiments are sensitive only to dark photons which decay in this region. On one
side, with a decay path length of tens/hundreds meters, beam-dump experiments play
as powerful tools to access the region of very low coupling parameters (corresponding
to very long-lived A′), since the A′ decay length scales with (2mA′ )−1, as mentioned
in Sec. 3.3. On the other side, this technique cannot probe (2, mA′ ) parameters that
correspond to too short A′ lifetimes, i.e. dark photons decaying too promptly in the
dump or in the shielding. For this reason the sensitivity of beam-dump experiments
is limited to the bottom-left regions of Fig. 10, where  and mA′ are small enough to
allow for a long decay path length. Electron beam dump experiments that have been
re-analyzed in terms of A′ constraints are Konaka et al.† (KEK) [118], E141, E137,
E774, Davier et al.† [119]. All of these experiments have also the potentiality to de-
liver new information on Compton emission of dark photons [69]. Proton beam dump
experiments are NA62◦ (CERN) [120], CHARM, PS191†(CERN) [121], NOMAD†
(CERN) [122, 123], ν-Cal, SHiP∗ (CERN) [124], SeaQuest◦ (FNAL) [125].
4.1.3. Decay vertex reconstruction
There is a region in the (2,mA′ ) plane in which the A′ lifetime is too short to be
explored by beam-dump experiments, but the coupling parameter is so small that the
signal/background ratio is too unfavorable for a simple bump-hunt search to be ef-
fective. A third detection strategy, based on decay vertexes detection, can therefore
be pursued to explore the parameter region where dark photons travel short but still
detectable distances before decaying. A thin target is used to produce A′ via, for ex-
ample, a brehmsstrahlung emission from an incoming electron, and the vertexes of the
`+`− pairs produced in the beam-target interaction can be reconstructed. The selection
of lepton-pair events with a displaced vertex allows the background from the prompt
QED events (see Sec. 3.2.2) to be sensibly reduced, enhancing the experimental sensi-
tivity in this region. This is the case, for example, of HPS [93]. The experiment uses
the CEBAF [126] machine to accelerate electrons to energies between 1 and 6 GeV,
which are then impinging on a thin tungsten target. The outgoing e+e− pairs are de-
tected in a compact, large acceptance forward detector consisting of a silicon vertex
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tracker and a lead tungstate electromagnetic calorimeter. Another experiment apply-
ing this technique by the measurement of inclusive di-muon production is LHCb, that
published the first exclusion plot obtained with the displaced vertex reconstruction ap-
proach [96]. The higher energy available as compared to HPS allows LHCb to explore
a similar 2 range at higher A′ masses. The experimental program of LHCb foresees
to look for displaced vertices also in the D∗0 → D0e+e− decay; this search requires,
however, an upgrade of the current LHCb trigger system and will start after the Long
Shutdown 2 [82].
4.2. Invisible decay searches
As we have seen in Sec. 3, the dark photon may couple to other Dark Sector
particles, charged under U(1)D. The so-called invisible decay searches are based on
the general assumption that at least one new particle χ in the hidden sector has mass
lower than mA′/2, so that the dominant A′ decay mode is invisible: A′ → χχ, i.e.
Γ(A′ → χχ)/ΓTot ≈ 1. The strength of this decay mode is controlled by the dark
fine structure constant αD = g2D/4pi. There is no a priori reason for the coupling of
A′ to U(1)D particles to be suppressed, as it happens for the kinetic coupling to SM
particles, so αD is usually assumed to be O(1). The invisible decays can be detected
by using missing-mass, missing-energy or missing-momentum experiments. Even the
direct detection of the DM particles from the decay can potentially be achieved via
beam-dump experiments. Differently from the dark photon case, the search for LDM
χ particles involves a four-dimensional parameter space which includes the mass of
the χ and of the A′ and the two couplings αD and . A further model dependence
is associated with the spin and CP features of the DM candidate (which can be, for
instance, a fermionic, scalar, Majorana or pseudo-Dirac particle). A summary of the
latest constraints and sensitivity estimates is shown in the exclusion plots reported in
Figs.11,12. In particular, the top panels in Fig. 11 report the strongest limits in the
 vs mA′ (a) and y = 2αD(mχ/mA′ )4 vs mA′ (b) plane. The dimensioneless variable
y is convenient to quantify the sensitivity because it allows clear limits to be fixed for
each different CP LDM species (scalar, pseudo-Dirac, and Majorana type), consistently
with the thermal paradigm in case of direct annihilation (black solid lines in Figs.11,
12). For each mχ choice, in fact, there is a unique value of y compatible with thermal
freeze-out, independent of the values of αD, , and mχ/mA′ [71]:
σv( χχ→ A′∗ → SM SM) ∝ 2αD
m2χ
m4A′
=
y
m2χ
(18)
The bottom panels (c, d) of Fig. 11 include sensitivity estimates of several experiments
proposed for the future. When applicable, all bounds and projections assume the con-
servative prescriptions mA′ = 3mχ and αD=0.5. For smaller values of αD and mχ/mA′ ,
the limits shift downwards and a more extended region of the parameter space is cov-
ered; close to the resonance region, mA′ ∼ 2mχ, the estimated limits might depart from
Eq.18; for larger values of the mχ/mA′ ratios, i.e. when mA′ < 2mχ, the DM annihilation
proceeds through χχ → A′A′, which is independent of the  SM coupling. Fig. 12a)
shows the limits for leptophilic DM, in which the DM couples preferentially to leptonic
currents, whereas limits for the scenario in which the DM couples preferentially to the
20
barionic currents (leptophobic DM) are reported in Fig. 12b). Some details on these
two models can be found, for example, in Refs.[20, 71]. Fig. 12c) shows new limits
extracted from a recent re-analysis of some electron beam dump experiments [67, 117]
where the A′ production from positron annihilation in the dump has been included for
the first time. Finally, limits related to the inelastic DM scenario (see Sec. 3.3), which
includes two χ1 and χ2 DM mass states, are reported in Fig. 12d) [52].
a) b)
c) d)
Figure 11: Top panels: Present excluded regions at 90% C.L., in the (, mA′ ) (a) and (y, mχ) (with αD = 0.5)
(b) planes for dark photon invisible decay, from Ref.[127]. The favored parameter regions, which account
for the observed relic DM density for the scalar, pseudo-Dirac, and Majorana LDM are indicated by the
black solid lines. Additional constraints from E787 and E949 [128, 129], BABAR [130], and NA62 [131]
experiments are shown together with the aµ favoured region. Bottom panels: Sensitivity estimates (dashed
lines) for various future proposed experiments based on missing mass/energy/momentum techniques (from
Ref. [71]): (2,mA′ ) (c) and (y, mχ) (d) planes.
4.2.1. Missing mass
This approach requires the reconstruction of all (but one at most) the SM final state
particles and a well-known initial state: a DM candidate is identified as a resonant sig-
nal over a smooth background in the missing mass distribution of the measured final
state system.
The DM particles can for instance be produced in exclusive reactions such as e+e− →
γA′, A′ → χχ using an electron-positron collider as in BABAR or BELLE-II. Indeed,
the strongest constraints to-date on the parameter space for DM masses mχ & 100 MeV
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have been derived from the BABAR mono-photon searches [130]. Here the resolution
on the χ mass is dominated by the photon energy resolution, which decreases mono-
tonically from σ(M2χ) = 1.5 GeV
2 for mA′ ∼ 0 to σ(M2χ) = 0.7 GeV2 at mA′ ∼ 8 GeV.
Another possibility based on e+e− annihilations is to use a positron beam impinging
on fixed target, as in VEPP3, PADME and MMAPS. The real photon energy and di-
rection is measured by an electromagnetic calorimeter, and a single-photon event is
searched for. In all the cases a signal of the dark photon would appear as a narrow
peak, centered at mA′ , over a continuous background distribution generated by all the
events with a single high-energy photon and no other signal in the final state. This of
course requires a large detector hermeticity and full control of all the possible spurious
accidental signals in the experimental setup.
Quite recently NA62 [131] published new results on the search for an invisible A′ decay
applying a missing-mass technique to the full reconstruction of the K+ → pi+pi0, pi0 →
A′γ decay chain. Secondary positive kaons are produced by the interaction of a primary
400 GeV/c proton beam on a beryllium target and identified by a differential Cherenkov
counter. The kaon is tracked by silicon pixel detectors while the charged pion mo-
menta are measured by a straw-based magnetic spectrometer (σp/p = (0.3 − 0.4)%);
the recoiling photon is detected in a liquid krypton electromagnetic calorimeter (with
resolution along the transverse coordinate ∼ 1 mm, and σE/E ∼ 4.8%/
√
E[GeV]).
The missing mass is finally reconstructed following the assumption that the photon is
emitted from the K+ decay vertex (with a resolution σ(M2Miss)/M
2
Miss ∼ (5.7 − 6.5)%
for A′ with mass in the range mA′ = 30 − 130 MeV.) Additional coverage in the same
parameter region (see Fig. 11a) is provided [128, 129] by the data of E787† [132] and
E949† [133] BNL experiments, both dedicated to rare K+ decays studies. Another pro-
duction mechanism was proposed for DarkLight, based on the e−p→ e−pA′, A′ → χχ
reaction. DarkLight is expected to start operations soon at the JLab Low Energy Recir-
culating Facility (LERF) [134], with the beam impinging on a gaseous hydrogen target
[99]: it will be able to provide a complete reconstruction of the full final state kinemat-
ics of the production reaction.
Factors limiting the sensitivity of missing-mass experiments are the available luminos-
ity, the momentum resolution and the hermeticity of the experimental setup, which is
especially critical to keep under control the background from processes in which the
emitted particles leave the apparatus undetected, mimicking an A′ invisible decay. The
momentum resolution can be of course spoilt by several effects, the most sizeable of
which is the multiple Coulomb scattering suffered by charged particles in tracking de-
tector materials and volumes, and the uncertainty in the impact point position and in the
energy released by photons in electromagnetic calorimeters. Finally, in mono-photon
final state searches the main background source is given by QED continuum reactions
such as e+e− → γγ, with γ’s emitted at large-angle, or e+e− → γe+e−, with the leptons
escaping the apparatus acceptance.
4.2.2. Missing energy/momentum
When the dark mediator is produced in fixed-target reactions on Z atomic mass
number nuclei, using for instance electron beams as in e−Z → e−ZA′, its invisible de-
cay can be inferred through the missing energy/momentum that it carries away. The
main challenge of this approach is an highly performing background rejection, which
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relies strongly on the detector hermeticity and, in most of the cases, on the exact knowl-
edge of the initial and final state kinematics.
In a missing-energy experiment, the crucial point is the balance between the beam en-
ergy and the energy of all the final state particles. The expected signal yield can be
enhanced by using a thick active target, as a sort of active beam-dump, where the A′ is
produced and the energy of the recoil electron is measured. This is the case of NA64
[127] where the occurrence of A′ → invisible decay would provide an excess of events
featuring a single shower in a first electromagnetic calorimeter (ECAL), used as an
active target, and a negligible energy release in the downstream part of the detector
(a second, hadronic, calorimeter HCAL, plus veto detectors). Candidate events are
requested to have EHCAL < 1 GeV and a missing energy Emiss = E0 − EECAL > 50
GeV, with a E0 = 100 GeV electron beam. The hermeticity of the ECAL in containing
the full shower is indeed crucial to suppress the background determined by detection
inefficiencies. To this purpose the Shashlik ECAL used in NA64 has a total thick-
ness of 40 X0 (radiation lengths), in which wavelength shifter fibers are spiral-wise
interleaved in order to suppress the energy leaks. The energy resolution of the ECAL
is σE/E ∼ 9%/
√
E[GeV], and the longitudinal and lateral segmentation allows the
shower profile reconstruction for further hadronic background rejection. Another pe-
culiar feature of this experiment is the detection of synchrotron radiation from the beam
electrons, used as well to suppress the background deriving from the hadron contami-
nation in the beam. Using this technique, NA64 recently published the most stringent
constraints on the A′-photons mixing strength, as well as exclusion plots for scalar and
fermionic DM in the mass range below 0.2 GeV. A possible future NA64++ experiment
using high-energy electron, muon and hadron beams and an upgraded detector to cope
with higher beam intensities has recently been proposed [82].
In a missing momentum experiment, as LDMX∗ [135] proposed to run at the SLAC
DASEL facility on LCLS-II [136] or at CERN (e-SPS), the momentum of each incom-
ing electron must be measured together with the energy and momentum of the outgoing
particles. Contrarily to a typical missing-energy experiment, this approach clearly re-
quires the use of a thin target. In LDMX a Si-based tracking systems immersed in a
dipole field is used to track the electron before it impinges on the target. Downstream,
a second Si-based tracking system in a magnetic field, and two hermetic (electromag-
netic and hadronic) calorimeters measure the momentum and energy of the produced
particles. The experimental signature for an A′ invisible decay consists of a soft elec-
tron scattered at wide angle with no other particles in the final state. The selection
of a low-energy and wide-angle recoil electron allows efficient background rejection
and signal selection. Indeed, as long as the A′ or the χχ pair is heavy as compared to
the electron mass, the differential cross-section for DM production is peaked when the
DM carries away most of the beam energy, and the electron a relatively small part of
it. These kinematic features are opposite to what occurs in ordinary bremsstrahlung
events. The ability to separate the signal from background using the recoil transverse
momentum is generally limited by the multiple scattering in the target. For 4 GeV elec-
trons impinging on a 10% X0 target, LDMX simulations [135] show an average trans-
verse momentum uncertainty for the recoiling electron (Erecoil from ∼0.1 to ∼2 GeV)
on the order of 4 MeV, that is the typical smearing due to the multiple scattering in
the target. The missing momentum approach has several advantages compared to other
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techniques: in fact, the missing mass/energy approaches generally suffer from higher
background levels due to the fewer kinematic constraints, while beam-dump experi-
ments are penalized by the additional interaction of the DM in the detector materials.
On the other hand, in order to reach the full potential of the missing-momentum tech-
nique, demanding constraints must be respected by the setup and beam-line equipment:
for instance, an extremely low electron density per beam bunch (1–5 e−/bunch) is re-
quired to allow single electron tracking before the target; this low-current requirement
must be compensated by high repetition rates (∼ 109 Electrons-On-Target (EOT)/s) in
order to reach the necessary integrated luminosity (1014 − 1016 EOT). These figures
result in an effective running period of around 100 days, which typically corresponds
to some years of data taking on floor. Moreover, a large beam spot (∼10 cm2) is needed
to ease the identification of single electrons, as well as low spread-out occupancy and
radiation doses. Finally, fast and hermetic detectors must resolve the energies and an-
gles of every incident and scattered electron, simultaneously rejecting a large variety
of potential background processes whose rate spans over many orders of magnitude.
4.2.3. Beam-dump experiments for invisible decays
In this approach the A′ invisible decay is probed by directly detecting the DM par-
ticles through their inelastic collisions. There are many similarities with the dump
techniques for the visible decay channel described in Sec. 4.1.2, as the same beam-
dump experiment may also be able to explore both decay scenarios as in the case, for
example, of E137. In both visible and invisible decay searches, the mechanism for
the A′ production in the dump is clearly the same, thus the inclusion of showering and
production by e+e− annihilation in the dump has sizeable effects also in the sensitiv-
ity of invisible decay searches [117] (see Fig. 12c). The A′ decay products, either
visible or invisible, carry out most of the beam energy and are very forward boosted.
Therefore a downstream detector with a relatively compact transverse section, as an
electromagnetic calorimeter placed behind some passive shielding, can be used to de-
tect DM particles. An important difference between visible and invisible searches at
dump experiments lies in the sensitivity to different A′ lifetimes. While for visible de-
cays a beam-dump experiment is sensitive to long-lived A′ only, in the invisible decay
case there is not such a restriction. Therefore, the A′ can decay anywhere along its
flight path to the detector, even promptly in the dump (as a O(1) αD would require),
since the produced DM particles can cross the dump and the shielding volume undis-
turbed.
If compared to missing mass/energy/momentum experiments, the beam-dump approach
offers the advantage of probing the DM interaction twice, providing direct sensitiv-
ity to the dark sector mediator coupling αD. The price to pay for the detection of
a DM scattering reaction is a huge reduction of the expected signal yield. The DM
detection at a downstream detector is achieved through the χe− or χN scattering pro-
cesses, which imply an additional A′ exchange. Therefore, the DM signal yields scale
as 4αD, in which an 2αD factor comes from DM production vertex, and an additional
2 comes from the DM interaction, to be compared to Nsignal ∝ 2 typical of missing
mass/energy/momentum experiments. To (partially) compensate for the small scatter-
ing probability a large proton/electron beam flux is required –as a rule of thumb, new
beam-dump experiments must collect more than 1020 electrons/protons on target to
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c) d)
Figure 12: Top panels: Limits in (y,mχ) parameter space for electron (leptophilic, a)) and nucleon (lepto-
phobic, b)) couplings. The expected sensitivities of various proposed beam-dump experiments are reported
(from Ref. [71]). Fig. c): (y, mχ) exclusion plane for lower masses, leptophilic coupling; the dashed and
continuous lines show the exclusion limits obtained by considering A′-strahlung and positron annihilation
only, respectively (from Ref. [117]). Fig. d): existing bounds (filled areas) and sensitivities of proposed ex-
periments (dashed lines) for inelastic LDM χ1 detection (from Ref. [71]). For this DM scenario beam-dump
experiments can be more effective than missing mass experiments at higher energies (see text for details).
explore virgin regions of the parameter space. Beam-dump techniques are particularly
suited for the detection of iDM particles (see Sec. 2.2 and 3.3), for which they can offer
superior sensitivity as compared to missing mass/energy/momentum experiments, de-
spite the most favourable signal yields available in the latter. In fact, in a beam-dump
experiment, the χ1 produced in the dump can upscatter off the detector materials to
generate a χ2 state (Fig. 9b)). The projected sensitivities of beam-dump experiments
able to detect the SM recoil products of the χ1 scattering are labelled as “scatter” in Fig.
12d). If the χ2 state de-excites (χ2 → A′∗χ1) inside the detector (Fig. 9b)), this would
lead to an even more striking signal: one recoil-target body (an electron, nucleon or nu-
cleus) plus an e+e− pair from the A′∗ decay. The exclusions limits for this scenario for
some beam-dump experiments are indicated as “decay” in Fig. 12d). On the contrary,
the de-excitation of the χ2 inside the active target in a missing energy experiment would
mimic the most critical background source, i.e. bremsstrahlung events with a photon
converting to e+e−, and the detection of such an effect would be prevented. Generally
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speaking, the limiting factor on the sensitivity of beam-dump experiments comes from
beam-related neutrinos. The DM signature in the detector is similar to that of neutrino
interactions (except for the aforementioned iDM case), nevertheless topological and
kinematic selections can be used to reduce the neutrino background contribution. This
is also the reason why the strongest existing constraints for dump experiments come
from neutrino experiments as LSND◦ (Los Alamos) [137] and MiniBooNE◦ (FNAL)
[138], which complement the re-analysis of the E137 electron beam dump data. Such
limits dominate over the BABAR constraints for lower mass DM (mχ . 100 MeV).
Other proton beam-dump experiments which, besides LSND and MiniBooNE, can
potentially exclude unexplored regions of the parameter space are SHiP, Coherent∗
(ORNL) [139] and SBN∗ (FNAL) [140]. All of them are multipurpose experiments
with a wide neutrino research program.
A frontier experiment specifically designed and optimized to search for light DM by
dumping an intense electron beam is, finally, BDX∗ (JLab) [141, 142, 143]. The exper-
iment is expected to run in a dedicated underground facility located ∼20 m downstream
of the CEBAF Hall A beam-dump. It will use a 10.6 GeV e− beam provided by the
CEBAF machine and is expected to collect up to 1022 EOT. The detector will consist of
two main components: a CsI(Tl) electromagnetic calorimeter (ECAL) and a veto sys-
tem for the background rejection. The expected signature of the DM interaction in the
ECAL is a ∼GeV electromagnetic shower matching with the absence of activity in the
surrounding active veto counters. A proof of concept setup has recently been installed
at JLab in a simplified unshielded configuration. It is presently using, in parasitic mode,
a 2.2 GeV e− beam and is expected to run for one year. A small and compact prototype
detector, called BDX-MINI, is composed of a PbWO4 electromagnetic calorimeter,
surrounded by a layer of tungsten shielding and two hermetic plastic scintillator veto
systems. This early stage prototype represents a first dedicated new-generation beam-
dump experiment, whose physics reach will cover a kinematic region as large as what
has been excluded so far by all the non-dedicated previous experiments.
5. Conclusions
This Review reports a limited length overview of the presently lively and sparkling
experimental activity, supported by a a likewise excitement on the theoretical side, in
the search of hidden-sector Dark Matter and, in particular, of the mediator of a still
unknown new interaction, the dark photon. This search is well motivated among all
possible scenarios formulated in Dark Matter science as, based on the hypothesis of a
relatively small mass in the sub-GeV range, the dark photon discovery is in principle
accessible to quite a sizeable number of small-scale experiments currently on floor, un-
der construction or in development in many laboratories all over the world. They are
based on a remarkable variety of different experimental techniques, and most of them
are sharply targeted to provide high sensitivity and precision results in well defined and
so far unconstrained regions of the DM parameter space; as such, all of them are highly
complementary and synergistic. The search for the dark photon is a typical example of
a fully transverse investigation. On one side, in fact, it requires a thorough integration
of all the collected observations by means of a solid theoretical framework, able to
harmonize many inputs coming from different experimental fields involving not only
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particle physics and quantum mechanics related-effects, but also astrophysics, cosmol-
ogy and thermodynamics. On the other hand, the comprehensive approach calls for
a collective effort aimed to provide the most complete information as possible. This
includes inputs from already finished experiments whose data can relive in dedicated
novel re-analysis, or from experiments primarily dedicated to other purposes, like neu-
trino physics. All contributions will be valuable and necessary, from small scale direct
search experiments to medium scale setups at accelerators, and to big experimental fa-
cilities at the largest existing to-date colliders. All of them are and will be useful to
provide important tiles in the biggest puzzle of today’s particle physics and cosmology,
the identification of Dark Matter and the understanding of its nature and behaviour.
The endeavour is indeed very ambitious, but the importance of the target is well worth
all the possible efforts.
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